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1.0 INTRODUCTION 

T h e r e  i s  a g r o w i n g  a w a r e n e s s  in a e r o d y n a m i c  t e s t i n g  tha t  the  a e r o -  
a c o u s t i c  e n v i r o n m e n t  in  conven t iona l  wind tunne l  t e s t  s e c t i o n s  is  i n f l u -  
enc ing  t e s t  r e s u l t s .  An i n c r e a s e d  e m p h a s i s  ha s ,  t h e r e f o r e ,  b e e n  
p l aced  on a t t e m p t i n g  to  def ine  l e v e l s  and o r i g i n  of a c o u s t i c  d i s t u r b a n c e s  
and to  quan t i fy  t h e i r  e f f ec t s  on v a r i o u s  t y p e s  of t e s t i n g .  N u m e r o u s  
a c o u s t i c  s t u d i e s  (Refs .  1, 2, and 3), fo r  e x a m p l e ,  have  p r o v i d e d  m e a -  
s u r e m e n t s  of b a c k g r o u n d  p r e s s u r e  f l u c t u a t i o n s  i n  v a r i o u s  wind t u n n e l s .  
A c r i t e r i o n  u s ing  s u c h  m e a s u r e m e n t s  was  advanced  by Mabey  (Ref. 4) 
fo r  m a x i m u m  a c c e p t a b l e  d i s t u r b a n c e  l e v e l s  in s u b s o n i c  and t r a n s o n i c  
f a c i l i t i e s  if  adequa te  p r e d i c t i o n  of a i r c r a f t  buffet  b o u n d a r i e s  is  to be 
m a d e .  Model  b o u n d a r y - l a y e r  t r a n s i t i o n  R e y n o l d s  n u m b e r  (Ref. 5) is  
a l s o  be ing  u sed  to i n d i c a t e  R e y n o l d s  n u m b e r  e f f ec t s  f r o m  a c o u s t i c  d i s -  
t u r b a n c e s  in  wind tunne l  flow wh ich  m i g h t  a f fec t  b a s i c  l i f t ,  d r a g ,  and 
p i t c h i n g - m o m e n t  da ta .  Of p a r t i c u l a r  c o n c e r n  a r e  t r a n s o n i c  f lows  tha t  
have  l a r g e  s e p a r a t i o n  zones  and s i g n i f i c a n t  s h o c k / b o u n d a r y - l a y e r  i n t e r -  
a c t i o n s .  

I r o n i c a l l y ,  t r a n s o n i c  wind t unne l s  have  b e e n  found to con ta in  the  
h i g h e s t  Acoust ic  d i s t u r b a n c e s  of any type  wind tunne l .  The  h igh -  
a m p l i t u d e  n o i s e  i s  a d i r e c t  r e s u l t  of the  r e q u i r e m e n t  to vent  a t r a n -  
s o n i c  t e s t  s e c t i o n  to a s u r r o u n d i n g  p l e n u m  c h a m b e r  in  o r d e r  to  e s t a b -  
l i s h  t r a n s o n i c  f lows .  T h e r e  a r e  t h r e e  cont inuous  flow t r a n s o n i c  t u n n e l s  
at  the  Arno ld  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  (AEDC). M a x i m u m  o v e r -  
a l l  n o i s e  l e v e l s  m e a s u r e d  in the t e s t  s e c t i o n s  of e a c h  a r e  shown in  
T a b l e  1. E a c h  of t h e s e  t unne l s  ha s  a t e s t  s e c t i o n  f o r m e d  of p e r f o r a t e d  
w a i l s  wi th  u n i f o r m l y  d i s t r i b u t e d  ho le s .  The  ho l e s  a r e  i n c / i n e d  at  an  
ang le  of 60 deg,  wh ich  g ives  t h e m  a d i f f e r e n t i a l  r e s i s t a n c e  be tween  in -  
f low and outflow. One or  m o r e  d i s c r e t e  w h i s t l i n g  tones  a r e  e m i t t e d  
by the  a r r a y  of ho l e s .  Tone f r e q u e n c i e s  i n c r e a s e  wi th  i n c r e a s i n g  tunne l  
Mach n u m b e r ,  and the tones  a t t a in  m a x i m u m  a m p l i t u d e  at a p a r t i c u l a r  
r e s o n a n t  Mach  n u m b e r .  T h e s e  t o n e s ,  wh ich  have  been  found to exh ib i t  
c h a r a c t e r i s t i c s  s i m i l a r  to  c l a s s i c a l  e d g e t o n e s  (Refs .  6 and 7), d o m i -  
na te  the t e s t  s e c t i o n  n o i s e  s p e c t r a  by as  m u c h  as  20 db o v e r  b a c k g r o u n d  
r a n d o m  no i se  c o m p o n e n t s  and r a i s e  the  o v e r a l l  n o i s e  l e v e l s  by  as  m u c h  
as  10 db. 

The  a e r o d y n a m i c  no i s e  e m i t t e d  by the  p e r f o r a t e d  wa l l s  h a s  b e e n  
u n d e r  s t udy  f o r  s e v e r a l  y e a r s  at  AEDC.  A r e c e n t l y  conc luded  e x p e r i -  
m e n t a l  s tudy  was  p e r f o r m e d  in a s p e c i a l l y  c o n s t r u c t e d ,  l o w - n o i s e  
A c o u s t i c  R e s e a r c h  Tunne l  (ART) w h i c h  has  a 6 - in .  t e s t  s e c t i o n .  The  



AE DC-TR-75-88 

object ive  of the study was to p e r f o r m  an inves t iga t ion  of the acous t i c  
p a r a m e t e r s  a s soc i a t ed  with pe r fo r a t ed  wal ls  used at AEDC which might  
lead to des ign  c r i t e r i a  for  the r educ t ion  of w a l l - g e n e r a t e d  noise  and 
i m p r o v e m e n t  of t es t  sec t ion  flow qual i ty.  Suppress ion  of the edgetone 
ge ne ra t i on  m e c h a n i s m  is r e q u i r e d  if the noise  is to be reduced.  This  
r e q u i r e d  some  modi f i ca t ion  to each  hole.  The se l ec t ion  of a su i table  
modi f i ca t ion  s cheme ,  t h e r e f o r e ,  became the object  of the e x p e r i m e n t a l  
inves t iga t ion  and is the subject  of this  r e p o r t .  

Table 1. Maxi~num Test Section Noise Levels in 
the AEDC Transonic Tunnels 

Tunnel  

Propulsion Wind Tunnel (16T) 

Aerodynamic Wind Tunnel (4T) 

Aerodynamic Wind Tunnel (IT) 

Sound P r e s s u r e  Level ,  
db (Re 0. 0002 d y n e s / c m  2) 

152 

152 

160 

2.0 PERFORATED WALLS 

The hole pattern used in Propulsion Wind Tunnel (16T) evolved from 
a series of developmental tests in Aerodynamic Wind Tunnel (IT) during 
the 1950~s which are described by Pindzola and Chew (Ref. 8) and by 
Goethert (Ref. 9). The holes were arranged to give a uniform wall 
porosity, 7, of six percent. The sizing of the holes is a function of 
tunnel  wall  b o u n d a r y - l a y e r  th i ckness  using c r i t e r i a  sugges ted  by 
Lukas iewicz  (Ref. 10). Inc l ina t ion  of hole angle to 60 deg in con- 
junct ion  with s i x - p e r c e n t  po ros i ty  r e s u l t e d  f r o m  an op t imiza t ion  to 
provide  cance l l a t ion  at the wall  of both shock and expans ion  waves 
f r o m  tes t  mode ls ,  t he reby  min imiz ing  the i n t e r f e r e n c e  to the mode l  
flow f ie ld  at low supe r son i c  speeds .  

Actual  s amples  of pe r fo ra t ed  walls  f r o m  the t h ree  t r a n s o n i c  tunnels  
were  t es ted  in the 6-in.  ART so that  the re  could be no quest ion about 
wall  impedance  matching.  A photograph of the bas ic  wall  s amp le s  t es ted  
is p r e sen t ed  in Fig. 1. C r o s s - s e c t i o n a l  de ta i l s  a re  shown in Fig. 2. 
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Figure 1. Perforated wall samples. 
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Figure 2. Cross sections of Tunnels 16T and 4T perforation design. 
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The wal l s  f r o m  T u n n e l s  16T and 1T have  f ixed  s i x - p e r c e n t  p o r o s i t y  wi th  
hole  d i a m e t e r s  of 3 /4  and 1/8 i n . ,  r e s p e c t i v e l y .  Hole d i a m e t e r  in the  
A e r o d y n a m i c  Wind Tunne l  (4T) wal l s  is 1/2 in. wi th  v a r i a b l e  p o r o s i t y .  
The wal l  m a t e r i a l s  a re  a l u m i n u m  backed  by f o r m i c a  (one -ha l f  t h i c k n e s s )  
in Tunne l  16T, d o u b l e - p l a t e  a l u m i n u m  with a s l i d ing  backup pla te  to p r o -  
v ide  a v a r i a b l e  p o r o s i t y  f e a t u r e  in Tunne l  4T, and m i c a r t a  in  Tunne l  1T. 
R e d u c t i o n  of the  p o r o s i t y  at Mach n u m b e r s  b e t w e e n  1.0 and 1.2 in 
Tunne l  4T g ives  i m p r o v e d  wal l  i n t e r f e r e n c e  c h a r a c t e r i s t i c s  (Ref. 11). 
In al l  t h r e e  tunne l s ,  p l e n u m  suc t i on  is appl ied  to the wal l s  in p r o p e r  
c o m b i n a t i o n  wi th  s m a l l  wal l  d i v e r g e n c e  ang le s  to con t ro l  the  ax i a l -  
p r e s s u r e  d i s t r i b u t i o n  fo r  cons tan t  Mach n u m b e r  t h roughou t  the  t e s t  
r e g i o n .  Depend ing  upon the  m o d e l  b lockage  a r e a / t u n n e l  c r o s s - s e c t i o n  
a r e a  r a t io ,  p l e n u m  suc t ion  fo r  wal l  b o u n d a r y - l a y e r  con t ro l  is  u sua l ly  
app l ied  at a p p r o x i m a t e l y  Mach n u m b e r  0 .7  and above.  

3.0 ACOUSTIC RESEARCH TUNNEL 

The 6- in .  ART is  a con t inuous  f low, a t m o s p h e r i c  ind ra f t  t unne l  
capable  of be ing  o p e r a t e d  f r o m  Mach n u m b e r  0 .1  to 1 .1.  Th is  Mach  
n u m b e r  r a n g e  was su f f i c i en t  fo r  the  p r e s e n t  s tudy b e c a u s e  e x p e r i e n c e  
in  the  f u l l - s c a l e  tunne l s  had  shown g r e a t e s t  edge tone  n o i s e  to o c c u r  at 
r e s o n a n t  Mach  n u m b e r s  in the  r a n g e  f r o m  0 .65  to 0 .85 .  

A s c h e m a t i c  d i a g r a m  of the  tunne l  is  p r e s e n t e d  in Fig.  3. The 
a c o u s t i c  s i l e n c e r s  in  the  d i f f u s e r  and p l e n u m  exhaus t  ducts  (46-db 
m a x i m u m  a t t enua t ion  r a t i ng  at 1,200Hz) with v i b r a t i o n  i s o l a t i o n  ex-  
p a n s i o n  jo in t s  t o g e t h e r  with h o n e y c o m b  and d a m p i n g  s c r e e n s  in the 
in t ake  p r o v i d e d  a r e l a t i v e l y  low b a c k g r o u n d  n o i s e  l e v e l  fo r  t h e s e  
e x p e r i m e n t s .  The  e 'xhaust m a c h i n e r y  is  l o c a t e d  wel l  r e m o t e  f r o m  the  
tunne l .  T h e s e  f e a t u r e s  a l lowed  the  i s o l a t i o n  of n o i s e  p h e n o m e n a  
o c c u r r i n g  wi th in  the  t e s t  s e c t i o n  and p l e n u m  f r o m  the  tunne l  d r i v e  con-  
t r o l  s y s t e m ~  as a s o u r c e  of no i se .  B a c k g r o u n d  n o i s e  l e v e l s  a t t a ined  
in  the  tunne l  wi th  so l i d  t e s t  s e c t i o n  wa l l s  a r e  shown in Fig .  4 in the  
f o r m  of o v e r a l l  sound p r e s s u r e  l e v e l .  T h e s e  w e r e  at a n o m i n a l  ACp 
l e v e l  of 0 .45  p e r c e n t ,  w h e r e  ACp is d e r i v e d  as fo l lows :  

Prm 8 
= - -  x 1 0 0 ,  percent ACp ~ (1) 
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Figure 4. Results of  A R T  background noise cal ibrat ion.  

H e r e ,  P r m s  is  the  t i m e - a v e r a g e d ,  f r e q u e n c y - i n t e g r a t e d  f l u c t u a t i n g  
p r e s s u r e  ( o v e r a l l  sound  p r e s s u r e  l eve l )  m e a s u r e d  by a m i c r o p h o n e  in  
a f r e q u e n c y  band f r o m  a p p r o x i m a t e l y  10 Hz to a p p r o x i m a t e l y  20 kHz.  
A l e v e l  of ACp = 0 . 4 5  p e r c e n t  c o r r e s p o n d s  c l o s e l y  to the  e x p e c t e d  
l e v e l  of s o u n d r a d i a t i o n  f r o m  a t u r b u l e n t  b o u n d a r y  l a y e r  on the  t e s t  
s e c t i o n  wa l l s  in  the  r a n g e  of R e y n o l d s  n u m b e r s  a t t a i n e d  wi th  a t m o s -  
p h e r i c  t o t a l  p r e s s u r e  and t e m p e r a t u r e .  (See Ref.  12, fo r  e x a m p l e .  ) 

Two 1 / 4 - i n . - d i a m  B r u e l  and K j a e r  c o n d e n s e r - t y p e  m i c r o p h o n e s  
w e r e  u sed  to r e c o r d  the  sound p r e s s u r e  l e v e l ,  P r m s .  One m i c r o -  
phone was  f l u s h - m o u n t e d  on the t e s t  s e c t i o n  s i d e w a l l ,  and the o the r  
was  p l aced  in the  p l e n u m  c h a m b e r .  The  output  of e a c h  m i c r o p h o n e  
was  r e c o r d e d  on a t r u e - r o o t - m e a n - s q u a r e  v o l t m e t e r  wi th  l - s e c  t i m e -  
cons t an t  u s i n g  5 - s e c  m i n i m u m  a v e r a g i n g  t i m e .  • The  da ta  w e r e  a l s o  
r e c o r d e d  on an  F M  m a g n e t i c  t ape  s y s t e m  ~s ing  10-kHz f r e q u e n c y  r e -  
s p o n s e  fo r  s p e c t r a l  a n a l y s i s .  The  m i c r o p h o n e s  w e r e  c a l i b r a t e d  by 
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d i r e c t  a pp l i c a t i on  of a 140-db sound  p r e s s u r e  l e v e l  at 1-kHz f r e q u e n c y  
us ing  a p i s tonphone  wi th  + 0 . 5 - d b  c e r t i f i e d  a c c u r a c y .  

A s p a r k  s c b l i e r e n  s y s t e m  wi th  an 8 - i n . - d i a m  f i e ld  of v iew and a 
2 -~sec  pu l se  i l l u m i n a t i o n  was u s e d  fo r  v i ewing  the  b o u n d a r y - l a y e r  
p h e n o m e n a  at the  b o t t o m  wall  and the f a r  f i e ld  wave  p r o p a g a t i o n  p h e -  
n o m e n a  a c r o s s  the  t e s t  s ec t i on .  The  s c h l i e r e n  da ta  ob ta ined  p r o v i d e d  
the  n e e d e d  v e r i f i c a t i o n  of the wal l  no i se  g e n e r a t i o n  and p r o p a g a t i o n  
m e c h a n i s m s .  

4.0 EXPERIMENTAL TECHNIQUE 

The e x p e r i m e n t a l  t e chn ique  was to ob ta in  f i r s t  the  b a s e l i n e  n o i s e  
l e v e l  da ta  fo r  e a c h  wal l  s a m p l e  in the 6- in .  ART and t h e n  to p e r f o r m  
c u t - a n d - t r y  type t e s t i n g  of v a r i o u s  m o d i f i c a t i o n  s c h e m e s  to e v a l u a t e  
the d e g r e e  of n o i s e  r e d u c t i o n  that  could be obta ined .  A goal  of 10 db 
(or  a f a c t o r  e x c e e d i n g  t h r e e )  was  a r b i t r a r i l y  c h o s e n  to be the m i n i m u m  
a c c e p t a b l e  d e g r e e  of n o i s e  r e d u c t i o n ,  th is  goal  be ing  app l i ed  to w o r s t -  
ca se  r e s o n a n c e  cond i t ions  o c c u r r i n g  o v e r  the  Mach n u m b e r  r a n g e  of 
tunne l  ope ra t i on .  

The b a s i c  t e s t  p r o c e d u r e  was  to p e r f o r m  Mach n u m b e r  v a r i a t i o n s  
f r o m  a p p r o x i m a t e l y  0 .3 ,  w h e r e  e d g e t o n e s  g e n e r a l l y  f i r s t  a p p e a r e d ,  
to the  m a x i m u m  ob ta inab le  wi th  a g i v e n  se t  of wal l  s a m p l e s .  T e s t s  
w e r e  p e r f o r m e d  f i r s t  on a s i ng l e  wal l  s a m p l e  us ing  a so l id  oppos ing  
wal l  and t h e n  wi th  top and b o t t o m  oppos ing  wal l  s a m p l e s .  With  a 
s i n g l e  s a m p l e  (in the  bo t tom wall) ,  the  choking  Mach n u m b e r  was  
g e n e r a l l y  n e a r  0 .88 .  With  oppos ing  wal l  s a m p l e s ,  the  Mach n u m b e r  
could be i n c r e a s e d  to about 1 .1.  

Wal l  s u c t i o n  weigh t  flow in c o m b i n a t i o n  wi th  wal l  d i v e r g e n c e  angle  
was  t r e a t e d  as a s e c o n d a r y  v a r i a b l e  in  the  e x p e r i m e n t .  In al l  c a s e s ,  
wal l  s t a t i c  p r e s s u r e s  on the  t e s t  s e c t i o n  so l id  s ide  wal l  w e r e  m o n i t o r e d  
in  o r d e r  to choose  a c o m b i n a t i o n  of p l e n u m  s u c t i o n  flow and wal l  angle  
that  gave  a r e a s o n a b l y  f la t  axia l  Mach n u m b e r  d i s t r i b u t i o n  t h roughou t  
the  t e s t  s e c t i o n .  

An e s s e n t i a l l y  cons tan t  in le t  b o u n d a r y - l a y e r  t h i c k n e s s  was  p r o -  
v ided  fo r  e a c h  wal l  s a m p l e  in the  6 - in .  ART. ,% typ ica l  v e l o c i t y  p r o -  
f i l e  ob ta ined  at Mach  n u m b e r  0 .5  on a so l id  b o t t o m  wal l  i n s e r t  in p l ace  
of a p e r f o r a t e d  wal l  s a m p l e  3 in. d o w n s t r e a m  of the  t h r o a t  is  shown  in 

1! 
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Fig. 5. Af t e r  v e r i f i c a t i o n  that  the  n o i s e  m e c h a n i s m  o c c u r r i n g  f r o m  
the  t h r e e  t ypes  of wal l  s a m p l e s  in the ART was the  s a m e  as that  which  
o c c u r s  in the  f u l l - s c a l e  t unne l s ,  t e s t i n g  wi th  n o n s c a l e  b o u n d a r y - l a y e r  
t h i c k n e s s  was  c o n s i d e r e d  to be of l i t t l e  c o n s e q u e n c e  fo r  e v a l u a t i o n  of 
e f f e c t i v e n e s s  of a p a r t i c u l a r  no i s e  s u p p r e s s i o n  dev ice .  

8 
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G = 0.{BG4in. 

G - 0.288in. 
Relft • 3. 22 x 106 
Moo - 0.5 
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Distance from Wall, in. 

Figure 5. Typical  boundary- layer velocity profile in the A R T  test section. 

F r o m  the a n a l y s i s  of the b a s e l i n e  wal l  s a m p l e  data ,  the j u d g m e n t  
was  m a d e  tha t  e f f ec t i ve  s u p p r e s s i o n  of the  n o i s e  f r o m  the  p e r f o r a t e d  
wa l l s  would r e q u i r e  s o m e  m o d i f i c a t i o n  to e a c h  hole .  The  d e s i g n  
ph i losophy  e s t a b l i s h e d  fo r  the  ho le  m o d i f i c a t i o n  was  b a s e d  on the  p r a c t i -  
ca/  and e c o n o m i c  c o n s t r a i n t s  (1) that  the  m o d i f i c a t i o n  s e l e c t e d  shou ld  
r e s u l t  in  a m i n i m a l  change  to the  b a s i c  wal l  c o n f i g u r a t i o n  (i. e . ,  it  
shou ld  be a s i m p l e  hole  g e o m e t r y  m o d i f i c a t i o n  that  would not n e c e s s i -  
t a te  r e d e s i g n  of the. e n t i r e  wall)  and (2) that  th i s  m o d i f i c a t i o n  shou ld  
not  s i g n i f i c a n t l y  a l t e r  the wal l  c r o s s f l o w  c h a r a c t e r i s t i c s  to the  ex ten t  
that  it would  c o m p r o m i s e  the  f a v o r a b l e  t r a n s o n i c  p e r f o r m a n c e  of the  
wal l .  

5,0  T H E  N O I S E  G E N E R A T I O N  M E C H A N I S M  

F u n d a m e n t a l  to an a e r o d y n a m i c  w h i s t l i n g  m e c h a n i s m  is  the  con-  
v e r s i o n  of a s m a l l  d i s t u r b a n c e  in  a flow s t r e a m  into  a l a r g e  one t h r o u g h  
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i n s t a b i l i t y  of the s t r e a m .  The  b a s i c  e l e m e n t s  of s u c h  a s y s t e m  a r e  
(1) a m e a n s  of a m p l i f i c a t i o n  and (2) a m e a n s  of f eed ing  pa r t  of the  
a m p l i f i e d  e n e r g y  back  u p s t r e a m  to s u s t a i n  and con t ro l  the p r o c e s s .  
T h i s  ana logy  was  app l i ed  to the  s h e a r  l a y e r  o c c u r r i n g  o v e r  60 -deg  
i n c l i n e d  ho l e s  in the  a i r s t r e a m  s u r f a c e  by Woo l l ey  and K a r a m c h e t i  
(Ref. 13). 

The  bes t  a n a l y s i s  tha t  a p p e a r s  to app ly  to 60 -deg  i n c l i n e d  h o l e s  i s  
the  s e m i - e m p i r i c a l  a n a l y s i s  of cav i ty  f lows  advanced  by R o s s i t e r  
(Ref. 14). R o s s i t e r  a r g u e d  tha t  at t i m e  t = 0, an iden t i f i ed  p h a s e  of 
a c o u s t i c  r a d i a t i o n  l e a v e s  the t r a i l i n g  edge  of the  cav i ty  and a v o r t e x  
is  at 7 v ~ v  beh ind  the  t r a i l i n g  edge (see  F ig .  6). At the t i m e  t = t ' ,  
an  i den t i f i ed  p h a s e  of a c o u s t i c  r a d i a t i o n  a r r i v e s  at the  l e a d i n g  edge 
j u s t  as  a v o r t e x  i s  shed .  The  v o r t e x  p a t t e r n  has  m o v e d  d o w n s t r e a m  a 
d i s t a n c e  kU®t" in  t h i s  t i m e  i n t e r v a l  such  tha t  

mv~ v = h + yv~.v + kU t" (2) 

w h e r e  h i s  the ax ia l  d i s t a n c e  be tween  l e a d i n g  and t r a i l i n g  edges  of the  
cav i ty .  In the s a m e  t i m e  i n t e r v a l ,  the  i n t e r n a l  wave s y s t e m  has  
m o v e d  a d i s t a n c e  ct" so  tha t  

h = mAA A + ct" ( 3 )  

E l i m i n a t i n g  t" and s u b s t i t u t i n g  fo r  A A and A v y i e l d e d  the fo l lowing  ex-  
p r e s s i o n  fo r  f r e q u e n c y  of the  o s c i l l a t i o n  

(4) 

w h e r e  U® i s  the  f r e e - s t r e a m  v e l o c i t y  and M® is  the  f r e e - s t r e a m  Mach  
n u m b e r .  H e r e  the  cons tan t  k is  the  p r o p o r t i o n  of the  f r e e - s t r e a m  
v e l o c i t y  U® at which  v o r t i c e s  t r a v e l  o v e r  the  cav i ty .  

R o s s i t e r  found c e r t a i n  v a r i a t i o n s  to e x i s t  in  f r e q u e n c i e s  e m i t t e d  
by c a v i t i e s  of v a r i e d  l e n g t h / d e p t h  r a t i o  but tha t  the  no i s e  g e n e r a t i o n  
p h e n o m e n o n  was  b a s i c a l l y  t w o - d i m e n s i o n a l  wi th  p r i m a r y  d e p e n d e n c e  
upon h. F r o m  m e a s u r e m e n t s  of f lu id  t e m p e r a t u r e  wi th in  the  cav i ty ,  
he found c /c® to be e s s e n t i a l l y  1 .0 .  F i n a l l y ,  a r e l a t i o n s h i p  be tween  
S t r o u h a l  n u m b e r  and Mach  n u m b e r  was  ob ta ined  of the  f o r m  

13 
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hf  mh - 
S ~ ~ 

Uo¢ (Moo + l / k )  ( 5 )  

with  ~ b e i n g  a cons t an t  and m h be ing  the s u m  of the n u m b e r  of c o m p l e t e  
p a r t i c i p a t i n g  w a v e l e n g t h s  of the v o r t e x  m o t i o n  and t h o s e  of the a c o u s t i c  
r a d i a t i o n .  

",I kU¢o 

~. % . ~ rGemra l  

II #Relations hip  F-o/i 
d 

~ ~ v  

: ~ ~ = ! :  i ¸ 

Figure 6. Shadowgraph view of vortex over a 60<leg inclined slot 
(KA = 1 m o d e ) .  

M c C a n l e s s  (Ref. 2) and C r e d l e  (Ref. 15) w e r e  able  to c o r r e l a t e  
tone  f r e q u e n c y  m e a s u r e m e n t s  in  T u n n e l s  16T and 4T wi th  the hole  
s i z e  u s i n g  e m p i r i c a l  e x p r e s s i o n s  v e r y  s i m i l a r  in f o r m  to Eq.  (5). 
M c C a n l e s s '  e x p r e s s i o n  is  

hf 0.15 n 1"68 
S = 

Uoo (Mo~ + 1) 

n = 1,2,3,4 

(6) 
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w 

Credle--s e x p r e s s i o n  u s e s  a l o c a l  wal l  v e l o c i t y ,  Uwal l ,  
be r ,  Mwal l ,  to g ive  

S = 
ht  0.16 n 1"55 

Uwall (Mwall + 0.7) 

n = 1 ,2 ,3 ,4  

and Mach  n u m -  

(7) 

w h e r e  he a s s u m e d  "Uwall/U® = 0 .7 .  The f r e q u e n c y  m e a s u r e m e n t s  f r o m  
p e r f o r a t e d  wal l  s a m p l e s  in  the  6- in .  ART,  howeve r ,  r e v e a l e d  a h a r -  
m o n i c  f a m i l y  of f r e q u e n c i e s  wi th  m a n y  m o r e  tones  than  the fou r  which  
a r e  c o r r e l a t e d  by E q s .  (6) and (7). F r o m  t h e s e  m e a s u r e m e n t s ,  a m o r e  
g e n e r a l  e x p r e s s i o n  fo r  S t rouha l  n u m b e r  was  ob ta ined ,  de f in ing  an  a c o u s -  
t i c  wave n u m b e r ,  KA, and not ing  the e m p i r i c a l  c o n s t a n t s  in  E q s .  (6) 
and (7) to be a p p r o x i m a t e l y  1/2~r 

hf 1 KA 

u 2,~ (M + I) (8) 

K A = 1,2.3,----- 

P r e d o m i n a n t  no i s e  f r e q u e n c i e s  m e a s u r e d  in T u n n e l s  IT ,  4T,  and 16T 
a r e  s e e n  to be a d e q u a t e l y  c o r r e l a t e d  by both E q s .  (6) and (8) in  F ig .  7 
wi th  c o i n c i d e n c e  be tween  the fo l lowing  h a r m o n i c  r e l a t i o n s h i p s :  
21 . 6 8 ~ 3  and 31, 68 ~ 6 .  Indeed t h e K A  = 1, 3, and 6 tones  a r e  p r e v a -  
l en t ;  but  o t h e r  h a r m o n i c  m u l t i p l e s  a r e  p r e s e n t  as wel l .  R e c e n t l y ,  
M c C a n l e s s  and Boone (Ref. 16) have  p r o p o s e d  a m o r e  d e t a i l e d  v o r t e x  
f low m o d e l  wi th  s i g n i f i c a n t l y  i n c r e a s e d  v o r t e x  s t r e n g t h  b e c a u s e  of the  
s h e a r i n g  tha t  o c c u r s  at the  t r a i l i n g  edge of a 60 -deg  i n c l i n e d  hole .  
T h i s  m o d e l  is  a l so  c o m p a t i b l e  wi th  tha t  d e r i v e d  by  R o s s i t e r .  

V e r i f i c a t i o n  of the  v o r t e x  h y p o t h e s i s  was  ob ta ined  f r o m  s h a d o w -  
g r a p h  o b s e r v a t i o n s  of f low o v e r  a t r a n s v e r s e  s l o t  s p a n n i n g  the  bo t t om 
wal l  in  the  6 - in .  ART.  The  view in  F ig .  6 was  ob ta ined  by a s i m p l e  
a d j u s t m e n t  of the k n i f e - e d g e  s e t t i n g  in  the  s c b l i e r e n  s y s t e m .  Wi th  
the  s lo t  gap,  h, s e t  at 3 /4  in . ,  the v o r t e x  d e s c r i b e d  by R o s s i t e r  i s  
c l e a r l y  o b s e r v e d  ove r  the  t w o - d i m e n s i o n a l  60 -deg  i n c l i n e d  s lo t  d u r i n g  
f u n d a m e n t a l ,  KA = 1, tone  g e n e r a t i o n  at Mach n u m b e r  0 .75 .  A t y p i -  
ca l  s c h l i e r e n  v iew wi th  the  s lo t  gap  at  1-112 in.  ( c o r r e s p o n d i n g  to the  
T u n n e l  16T wal l  hole  s i z e / p l a t e  t h i c k n e s s  g e o m e t r y )  i s  shown in  
F ig .  8a fo r  sound wave g e n e r a t i o n  in  the  f u n d a m e n t a l  mode ,  K A = 1. 
(A 1 / 4 - i n . - d i a m  30 - deg  c o n e - c y l i n d e r  mode l  h a s  been  p l a c e d  in  the  f low 
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to provide unequivocal proof that this is subsonic flow, Mach number 
0.75 in this case. ) Sound waves from the slot in a higher mode, 
K A = 2, are shown in Fig. 8b for the l-I/2-in, gap with plenum suction 
applied at Math number 0.75. 

2"Oj , , ' ,  , , , I 

I- Measured Data _~ 
/ ~ Tunnel Eq. (8) / 
L [] 16, _1 

1"6 1 o 4T -1 

/ n-4 / 

1"21- \ ' "  t 

0.8 In-2 ~ K A ' 6 o ' ~ ' ~ ~ ^ ~ ~ ~ t  

/ ~  _ KA- 5 . ,~  o ~ ' ~ ~ . . ~  J, 
0.4 I- " K A - ~  K A - 4 ~ . ~ . . o r ~ - . ~ . ~ " - y  

o ~ n "  L~_~ 
0 0.4 0.8 1.2 

M m 

Figure 7. Predominant frequencies measured in Tunnels 16T, 4T, and 1T. 
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a. Acoustic wave number 1. 

Figure 8. 
b. Acoustic wave number 2 
Schlieren views of sound field from slot 
wi th 16T wall cross section. 
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The t h e o r e t i c a l  deve lopment  to th is  point has been for  a s ingle  
sou rce  (hole, s lo t ,  or  r e c t a n g u l a r  cavity) .  The cen t r a l  ques t ion  for  
the p e r f o r a t e d  wall ,  however ,  is  why the noise  m e c h a n i s m  f r o m  the 
a r r a y  of holes  should be c o r r e l a t e d  by such a s imp le  e x p r e s s i o n  
(Eq. 8) based only on a s ingle  hole.  S c h l i e r e n  data taken  dur ing  
Tunnel  IT opera t ion ,  with pe r fo r a t ed  wall  s a m p l e s  ins t a l l ed ,  r e v e a l e d  
r e g u l a r l y  spaced  un i fo rm wave pa t t e rns  such as shown in Fig.  9. 

M = 0.80 

Figure 9. 

M= = 0.90 

Schlieren views ot sound field from top and bottom 
pair of Tunnel 1T perforated walls. 

T h e s e  views a re  typ ica l  of wave pa t t e rns  f r o m  the o ther  s a m p l e s  as 
well ,  except  fo r  the change in acous t i c  wavelength,  hA, with the hole 
s ize .  As Mach number  was va r i ed ,  t h e r e  was a d e a r  r e i n f o r c e m e n t  
of the waves  into th is  diamond pa t t e rn  where  the inc l ina t ion  angle  ~ was 
obse rved  to obey the fol lowing r e l a t i o n s h i p  
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sin a = Moo 

0 . 5  < Moo S 0 . 9  (9) 

The  c o a l e s c e d  d i a m o n d  wave  p a t t e r n  ha F ig .  9 c l e a r l y  i n d i c a t e s  a 
u n i s o n  b e h a v i o r  f r o m  the  a r r a y  of d i s t r i b u t e d  s o u r c e s ,  s u g g e s t i n g  a 
b o u n d a r y  cond i t i on  b a s e d  upon hole  s i z e  and a b o u n d a r y  cond i t i on  
b a s e d  upon hole  s p a c i n g  to be s a t i s f i e d  s i m u l t a n e o u s l y .  

F o r  w a v e s  i n c l i n e d  at the  angle  a ,  a t h i r d  b o u n d a r y  cond i t ion  is  
i nvo lved  ha the wave  r e i n f o r c e m e n t  p h e n o m e n o n .  Th i s  i s  the  t e s t  s e c -  
t ion  c r o s s - s e c t i o n a l  d i m e n s i o n ,  L x. E x p r e s s i n g  the  t i m e  r e q u i r e d  
f o r  a d i s t u r b a n c e  to e m a n a t e  f r o m  a wa l l ,  t r a v e l  to the oppos ing  wa l l ,  
and r e t u r n  y i e l d s  a n a t u r a l  r e v e r b e r a t i o n  f r e q u e n c y  

m 2 c 2 
X c~ fn2 = - - ( 1  - M 2 )  

4L 2 (i0) 
x 

m x = 1 , 2 , 3 , 4 , -  . . . .  

a f t e r  s u b s t i t u t i n g  M® f o r  s in  a. H e r e  m x is  the  n u m b e r  of a c o u s t i c  
w a v e l e n g t h s ,  ~t A, invo lved .  V a r n e r  (Ref. 17) has  c a r r i e d  th i s  s o l u t i o n  
to c o m p l e t i o n  f o r  the  d i s t r i b u t e d  s o u r c e s  to i nc lude  an e f f e c t i v e  p o r o u s  
zone  l e n g t h  d i m e n s i o n  wi th  end c o r r e c t i o n s ,  Lz .  He ob ta ins  a s i m p l e  
r e l a t i o n s h i p  f o r  a r e s o n a n t  Mach  n u m b e r  tha t  

Mo o = 1 ,.. j, 
+ ~ \L ~/ 

(I1) 

w h e r e  t r is  an odd i n t e g e r ,  1, 3, o r  5. E q u a t i o n  (11) has  b e e n  e x p e r i -  
m e n t a l l y  v e r i f i e d  to hold  in T u n n e l s  1T, 4T,  and 16T and fo r  e a c h  wa l l  
s a m p l e  in  the 6- in .  ART.  F u r t h e r m o r e ,  t h e r e  was  a cutoff  p h e n o m e n o n  
tha t  the  f u n d a m e n t a l  m o d e ,  K A = 1, did not  o c c u r  f o r  e i t h e r  the  T u n n e l  
16T o r  T u n n e l  4T wal l  s a m p l e s  in the  6 - in .  ART b e c a u s e  the  w a v e l e n g t h  
e x c e e d e d  the  6 - in .  c r o s s - s e c t i o n a l  d i m e n s i o n  of the  t e s t  s e c t i o n .  

Whi l e  the ho le  s p a c i n g  and tunne l  s i z e  p lay  a s i g n i f i c a n t  r o l e  in 
a m p l i f y i n g  the  sound  g e n e r a t i o n  m e c h a n i s m  at e a c h  hole  and d e t e r m i n -  
hag w h i c h  m o d e s  of o s c i l l a t i o n  wi l l  a p p e a r ,  the  ana logy  to the c l a s s i c a l  
e d g e t o n e  f o c u s e s  upon the  i n t e r a c t i o n  b e t w e e n  s h e a r  l a y e r  and s h a r p  
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t r a i l i n g  edge for  the individual  hole. Thus,  the ident i f ica t ion  as edge- 
tones  has  been aptly appl ied to the acoust ic  r ad ia t ion  f rom 60-deg in- 
c l ined holes ,  and the high ampl i tudes  that occur  in wind tunnels  a re  the 
r e s u l t  of acous t ic  r e s o n a n c e  ampl i f i ca t ion  by the t e s t  sec t ion  geomet ry .  

6.0 WALL NOISE SUPPRESSION 

Three  bas ic  ideas  were  used as a guide for  s e l ec t i ng  the hole 
modi f i ca t ions  to be t r i ed .  These  were  that  the dynamic  feedback loop 
of vo r t ex  i n t e r ac t i on  could be i n t e r r u p t e d  and the edgetones  t he reby  
s u p p r e s s e d  if: 

1. Vor tex  imp ingemen t  on the hole t r a i l i n g  edge might  be 
prevented ,  

2. The vo r t ex  might  be d i s rup ted  dur ing i ts  deve lopment ,  
or 

3. The s h e a r  l a y e r  might  be s t ab i l i zed  such  that  it could 
not suppor t  the deve lopment  of the vor tex .  

A s u m m a r y  of the t e s t  conf igura t ions  inves t iga ted  is given in Table  2. 
All  of t hese  conf igura t ions  gave some m e a s u r e  of noise  r educ t ion  when 
compared  to the s t anda rd  unmodif ied wall .  

Table 2. Summary of Test Configurations 

Code 

1 
2A 
2B 

2C 
3A 
3B 
3C 
3D 
4A 
4B 
4C 

5 

Name 

Standard  
R e c e s s e d  T r a i l i n g  Edge (Shallow) 
R e c e s s e d  T r a i l i n g  Edge (Shallow 

and Blunted) 
R e c e s s e d  T r a i l i n g  Edge (Deep) 
Exposed  Stud Spoi le r  (High) 
Exposed  Stud Spoi ler  (Low) 
In te rna l  Spoi ler  (Flush) 
In t e rna l  Spoi ler  (Exposed) 
Spl i t t e r  P la te  (Ful l -Depth)  
Sp l i t t e r  P la te  (Zero-Depth ,  Wire) 
Sp l i t t e r  P la te  (Half-Depth) 
Backing Tab 

Tunnel  Wall  Sample  Used 

16T 4T 

x x 

X 

X 

X 

X 

X X 

X 

X 

X 

X X 

X 

1T 

X 

X 

X 
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The c l a s s  of c o n f i g u r a t i o n s  denoted  as  Code 2 fo l lowed  idea  No. 1 
above of p r e v e n t i n g  v o r t e x  i m p i n g e m e n t  on the hole t r a i l i n g  edge .  Con-  
f i g u r a t i o n  2A app l i ed  to a Tunne l  16T wal l  s a m p l e  is  shown in F ig .  i0 .  

!ili% 

Figure 10. Detail view of recessed trailing-edge configuration 
in a Tunnel 16T wall sample. 

A c o m p a r i s o n  of m e a s u r e d  t e s t  s e c t i o n  n o i s e  l e v e l s  fo r  T u n n e l  16T wa l l  
s a m p l e s  wi th  the  c o n f i g u r a t i o n  2 m o d i f i c a t i o n s  i s  shown in F ig .  11. * 

lZ 3 

i 

o Standard 16T Wall (Configuration 1) t r - 3 
- o RKassed Trailing Edge (Configuration ZA| 

z~ Blunted, Recessed Tralling Edge 
(Configuration 28) / 

J 

0 
G3 G4 G5 G6 ~7 ~8 G9 L0 L1 

% 

Figure 11. Examples of noise reduction from the recessed trailing edge. 

*Data  f r o m  the  p l e n u m  m i c r o p h o n e  a r e  not p r e s e n t e d  b e c a u s e  the 
p r i n c i p a l  n o i s e  c o m p o n e n t s  r e c o r d e d  w e r e  the e d g e t o n e s  wi th  no s i g n i f i -  
cant  c o n t r i b u t i o n s  f r o m  the  p l e n u m  c h a m b e r  to the  t e s t  s e c t i o n .  

! 
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The no i se  r e d u c t i o n  did not m e e t  the  e s t a b l i s h e d  c r i t e r i o n  of at l e a s t  a 
f a c t o r  of t h r e e  wi th  the  r e c e s s e d  t r a i l i n g  edge .  It soon  b e c a m e  a p p a r -  
ent  that  the  d e g r e e  of r e c e s s  and b lunt ing  that  would be r e q u i r e d  was 
too s e v e r e ,  wi th  s i gn i f i can t  change in the  b a s i c  6 0 - d e g  i n c l i n e d  ho le  
g e o m e t r y .  Thus ,  th is  s c h e m e  was abandoned .  

The  c l a s s  of con f igu ra t ions  d e n o t e d  as code 3 fo l lowed  i d e a  No. 2 
above  that  the  v o r t e x  d e v e l o p m e n t  m i g h t  be d i s r u p t e d .  The  i d e a  e m -  
p loyed  was  that  a s p o i l e r  n e a r  the  f o r w a r d  edge  o r  w i th in  the ho le  m i g h t  
g e n e r a t e  v o r t i c i t y  in  a p lane  t r a n s v e r s e  to the  s h e a r  l a y e r ,  thus b r e a k -  
ing up the  v o r t e x  r e q u i r e d  fo r  g e n e r a t i n g  an edge tone .  The  i n t e r n a l  
s p o i l e r ,  c o n f i g u r a t i o n  3C {Fig. 12a), was  found to be as e f f e c t i v e  as the  
e x p o s e d  stud,  c o n f i g u r a t i o n  3A (Fig.  12b). F u r t h e r m o r e ,  it was  found 
that  the i n t e r n a l  s p o i l e r  need  not p r o t r u d e  above the wal l  s u r f a c e .  
L o c a t i o n  of th is  s p o i l e r  (a v e r t i c a l l y  o r i e n t e d  pos t  *~' r e l a t i v e  to the  wal l  
plane} was at the  focus  of the  e l l i p s e  f r o m  a v iew p e r p e n d i c u l a r  to the  
wal l .  The  n o i s e  r e d u c t i o n  a c h i e v e d  on a Tunne l  16T wal l  s a m p l e  is 
shown  in Fig .  13 fo r  f lu sh  and 1 /16 - in .  p r o t r u d i n g  s p o i l e r s  to be e s s e n -  
t i a l l y  the  s a m e .  Al though  the d e g r e e  of n o i s e  r e d u c t i o n  fo r  t h e s e  con-  
f i g u r a t i o n s  e x c e e d e d  a f a c t o r  of four  at Mach  n u m b e r s  in the  0 .8  to 0 . 9  
r a n g e ,  the r e c e s s e d  s p o i l e r  app l ied  to  a Tunne l  4T wal l  s a m p l e  exh ib i t ed  
an u n d e s i r a b l e  s e n s i t i v i t y  of tunne l  Mach n u m b e r  d i s t r i b u t i o n  to wal l  
d i v e r g e n c e  angle  and suc t i on  weigh t  f low v a r i a t i o n s  at i n t e r m e d i a t e  
p o r o s i t i e s  of r = fou r  to s ix p e r c e n t .  

The c l a s s  of m o d i f i c a t i o n s  deno t ed  by codes  4 and 5 w e r e  b a s e d  on 
idea  No. 3 above that  the  s h e a r  l a y e r  m i g h t  be s t a b i l i z e d  s u c h  that  i t  
would not  su p p o r t  v o r t e x  d e v e l o p m e n t .  Th is  concep t ,  if it could be 
i m p l e m e n t e d ,  a p p e a r e d  to  be m o r e  a t t r a c t i v e  than  the  o t h e r  two f r o m  
the  s t andpo in t  tha t  l o c a l  t u r b u l e n c e  at the  hole  would be d e c r e a s e d  
r a t h e r  than  p r o m o t e d .  Conf igu ra t i on  5 is  a back ing  tab app l i ed  to 

= s i x - p e r c e n t  wa l l s  c o v e r i n g  a p p r o x i m a t e l y  50 p e r c e n t  of the  ho le  
f r o m  the  u p s t r e a m  d i r e c t i o n  and was d e m o n s t r a t e a  to be an e f f ec t i ve  
e d g e t o n e  s u p p r e s s i o n  d e v i c e  in the RAE 3-X 3 - F t  T r a n s o n i c  Tunne l  at 
Bedfo rd ,  E n g l a n d  (Ref. 4). It was t r i e d  wi thout  s u c c e s s  on a Tunne l  
16T wal l  s a m p l e .  Th is  l ack  of s u c c e s s  m a y  have b e e n  due to the non-  
s c a l e  bounda ry  l a y e r  fo r  3 / 4 - i n . - d i a m  h o l e s  in the  6- in .  ART. How- 
e v e r ,  the  i d e a  was not p u r s u e d  b e c a u s e  a m o r e  u n i v e r s a l  s o l u t i o n  was  
sought ,  equa l ly  app l i cab le  to the  f ixed  s i x - p e r c e n t  p o r o s i t y  Tunne l  16T 
and to the  v a r i a b l e  p o r o s i t y  Tunne l  4T. 

~$The top of e a c h  pos t  was f i l l ed  wi th  epoxy r e s i n  to e l i m i n a t e  the  
p o s s i b i l i t y  of o r g a n - p i p e  wh i s t l i ng  f r o m  a hol low post .  
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a. Internal spoiler, flush 

: ,  , j!~ ).7 

b. Exposed stud, low 
Figure 12. Detail views of spoiler configurations in Tunnel 161" wall samples. 
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_ 

3 

& 

.d 

o Standard 
a Internal 

Internal 

16T Wall 
Spoiler, Flush (Configuration 3C) - -  
Spoiler, Exposed (Configuration 3D) 

",-.o~-'.d - ' - - ~  

0 
(13 

Figure 13. 

0.4 (15 (16 (17 (18 (19 1.0 1.1 

M m 

Examples of  noise reduction from internal spoiler configuration 
in Tunnel 16T wall samples. 

One f u r t h e r  i d e a  c o n s i d e r e d  that  was  not t r i e d  in t h e s e  t e s t s  was  to 
p lace  w i r e  s c r e e n  o v e r  the ho l e s .  Th i s  has  b e e n  d e m o n s t r a t e d  by 
S c h u t z e n h o f e r  and Howard  (Ref. 18) to g ive  e f f ec t ive  e d g e t o n e  s u p p r e s -  
s ion  in the N A S A / M a r s h a l l  Space  F l igh t  C e n t e r  14- in .  T r a n s o n i c  Tuane l .  
The s c r e e n  idea  a p p e a r s  to work  as a s p o i l e r  d e v i c e  but was not p u r s u e d  
b e c a u s e  of a n t i c i p a t e d  l o n g - t e r m  p r o b l e m s  wi th  s t r u c t u r a l  i n t e g r i t y  in a 
l a r g e r  wind tunne l .  

The  o p t i m i z e d  m o d i f i c a t i o n  s c h e m e  for  t he  AEDC wal l  c o n f i g u r a t i o n s  
thus  ob t a ined  was  c o n f i g u r a t i o n  4C, shown  fo r  the  Tunne l  4T wal l  s a m p l e  
in  Fig.  14. Th i s  was  a " s p l i t t e r  p l a t e " ,  d iv id ing  the  hole  into le f t  and 
r i g h t  h a l v e s  wi th  a depth  o n e - h a l f  of the  wal l  t h i c k n e s s .  S t ab i l i z a t i on  is 
a p p a r e n t l y  a c h i e v e d  by g iv ing  the  s h e a r  l a y e r  s o m e t h i n g  to which  it can 
a t tach .  A c o m p a r i s o n  of n o i s e  r e d u c t i o n  a c h i e v e d  wi th  " s p l i t t e r  p l a t e s "  
of v a r i e d  depth  in  a Tunne l  16T wal l  s a m p l e  is shown in Fig.  15. It is  
s e e n  that  b e s t  r e s u l t s  w e r e  ob ta ined  with the  h a l f - d e p t h  conf igura t ion .  
The  n o i s e  r e d u c t i o n  in a Tunne l  4T wal l  s a m p l e  of c o n f i g u r a t i o n  4C is  
shown  in  Fig .  16 fo r  ~ = s ix  p e r c e n t  and four  p e r c e n t  and is s e e n  to be 
about the  s a m e  as that  fo r  the  Tunne l  16T wal l  s a m p l e .  F ina l l y ,  the  
m o s t  e n c o u r a g i n g  r e s u l t  of al l  was  ob ta ined  wi th  c o n f i g u r a t i o n  4C 
app l i ed  to  a Tunne l  1T wal l  s a m p l e  as shown in Fig.  17. The  r e s o n a n c e s  
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w e r e  e f f e c t i v e l y  e l i m i n a t e d  wi th  n o i s e  r e d u c t i o n  by a f a c t o r  of s i x  at  
Mach  n u m b e r  0 . 7 1 .  The  ~ C  l e v e l  of a p p r o x i m a t e l y  0 . 6  p e r c e n t  ob-  P 
r a ined  in  the  T u n n e l  IT  w a r  s a m p l e  is  p a r t i c u l a r l y  e n c o u r a g i n g  b e -  
c a u s e  i t  c o m p a r e s  f a v o r a b l y  to the 0 . 4 5 - p e r c e n t  l e v e l  ob t a ined  in  the  
6 - in .  ART wi th  s o l i d  t e s t  s e c t i o n  wa]_Is and b e c a u s e  it shows  the  b e s t  
r e s u l t s  fo r  a ho le  s i z e / b o u n d a r y - l a y e r  t h i c k n e s s  r a t i o  wh ich  m o r e  
c l o s e l y  a p p r o x i m a t e s  the  c o r r e c t  r a t i o  f o r  the  f u l l - s c a l e  T u n n e l s  4T 
and 16T. 

Figure 14. 

a. Overall view 

Splitter Plate ~ "~ Flow 
Bonding Agent ~ ~ ~ 

Fixed Airstream Surface 
3/4d--~ ~ / ~  4d de9 

b. Cross-sectional view 
Details of the splitter plate configuration in a Tunnel 4T wall sample. 
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3 

0 
O. 

i I I 
o Standard 41" Wall 

Splitter Plate (Configuration 4C) 
I 

0.4 0.5 0.6 0.7 

Moo 

0.8 0.9 1.0 1. 

a. Porosity T = six percent 

¢3 
<1 

4 

0.3 

I I I 
o Standard 4T Wall 
z~ Splitter Plate (Configuration 4C) 

I I 

Figure 16. 

J 

,,J 
t r "3 

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1. 
M :  

b. Porosity T : four percent 
Examples of noise reduction f rom split ter plate configuration 
in Tunnel 4T variable porosity wall samples. 
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oStandard IT Wall 
Z~Splitter Plate (Configuration 4C) 

I I 

~ - - Z I - . .  ~ . °d l -  -- 'Z - - - ~ - - ' ~ - ' ' ~ ' ' - ~  

I 

. - ~ . , ~ . - . ~  . - - Z l - - - ~  

,.,-.0 

= ~ " , A  

0 
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M m 

Figure 17. Noise reduction from splitter plats configuration in a 
Tunnel 1T wall sample. 

1.0 

7.0 TRANSONIC PERFORMANCE OF THE MODIFIED WALLS 

B a s e d  upon t h e s e  t e s t  r e s u l t s  in  the  6 - in .  ART,  the  " s p l i t t e r  
p l a t e "  c o n f i g u r a t i o n  4C was  c h o s e n  fo r  t e s t i n g  in  a s e t  of fou r  fu l l y  
p e r f o r a t e d  wa l l s  in  T u n n e l  IT .  A die was  m a n u f a c t u r e d  in  o r d e r  to 
m a s s  p roduce  the p l a t e s .  

The  n o i s e  r e d u c t i o n  a c h i e v e d  wi th  t h i s  m o d i f i c a t i o n  in  Tunne l  1T 
is  shown  in  F ig .  18 as  i n d i c a t e d  by a 1 / 8 - i n . - d i a m  Kul i t e  p r e s s u r e  
t r a n s d u c e r  mou n ted  on the t e s t  s e c t i o n  s ide  wal l .  T h e s e  da ta  ob t a ined  
wi th  p r o p e r l y  s c a l e d  t e s t  h a r d w a r e  p r o v e  the f e a s i b i l i t y  of the  t echn ique .  
The  da ta  f o r  the  s t a n d a r d  wa l l  c o n f i g u r a t i o n  w e r e  t a k e n  wi th  top and 
bo t tom wa l l s  only p e r f o r a t e d ,  s ide  wa l l s  so l id ,  and a r e  c o m p a r e d  wi th  
a l l  fou r  m o d i f i e d  w a l l s  p e r f o r a t e d .  T h i s  i s  the  r e a s o n  fo r  s l i g h t l y  
h i g h e r  ~ C p  f o r  the  mod i f i ed  w a l l s  at 1V~ch n u m b e r s  f r o m  0 . 9  to 1 .2 .  
At Mach  n u m b e r  1.3 the  ~ C p  l e v e l  is  the  s a m e  in  both c a s e s ,  0 .52  p e r -  
cent .  The  i m p o r t a n t  d i f f e r e n c e  is  at Mach  n u m b e r  0 .65  w h e r e  the  
K A = 1 edge tone  s t a g e  had b e e n  in r e s o n a n c e  at  a p p r o x i m a t e l y  3500 Hz, 
r a i s i n g  the ACp l e v e l  to 5 .4  p e r c e n t .  S p e c t r a l  a n a l y s i s  r e v e a l e d  the  
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1 .7-percen t  level  of ~Cp for the modified walls at Mach number 0.65 
to be dominated by noise f rom the compressor  and that the edgetone 
phenomenon had been effectively suppressed  to the tunnel background 
level.  

G )  

L _  

4 

3 

2 

It r = :~ 

~ ~  . 
o Two Standard Walls 

Four Walls with Splitter 
Plate (Configuration 4C) 

0 
0.4 

Figure 18. 

0.6 ~8 1. O 1.2 1.4 
Mm 

Noise reduction achieved in Tunnel 1T after modifying 
the perforated walls. 

The effect of the modification on the crossflow charac te r i s t i c s  of 
the wall were evaluated by comparing p re s su re  data at matched tes t  
conditions on the following: (1) a center- l ine  s tat ic  pipe (i. e . ,  for  
indication of the empty tunnel axial Mach number distr ibution using 
previously establ ished tunnel calibrat ions),  (2) a 20-deg cone-cyl inder  
model of two-percent  blockage (which genera tes  s t rong bow shock and 
shoulder expansion waves to be cancelled at the wall), and (3) a wing- 
tail  1.ifting model of one-percent  blockage (with la rge  regions of 
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s u p e r c r i t i c a l  f low at t r a n s o n i c  s p e e d s  s u c h  tha t  i n t e r f e r e n c e  f r o m  the 
wa l l s  a l t e r s  the  l i f t  coe f f i c i en t  and p i t ch ing  m o m e n t ) .  

C o m p a r i s o n  of the c e n t e r l i n e  s t a t i c  pipe da ta  r e v e a l e d  the  2~ s t a n d -  
a r d  d e v i a t i o n  in l o c a l  Mach n u m b e r  t h r o u g h  the t e s t  s e c t i o n  to be as  
good as  o r  b e t t e r  than  tha t  wi th  the  o r i g i n a l  w a l l s  at Mach  n u m b e r  
s e t t i n g s  f r o m  0 . 6  to 1 .3 .  Most  i m p o r t a n t l y ,  t h e r e  was  no sh i f t  in  
m e a n  Mach  n u m b e r  us ing  the p r e v i o u s l y  p r e s c r i b e d  s c h e d u l e  fo r  p l e n u m  
c h a m b e r  p r e s s u r e  and wal l  angle .  A c o m p r e h e n s i v e  c o m p a r i s o n  of 
the  flow g e n e r a t i o n  p r o p e r t i e s  of the  two wal l  c o n f i g u r a t i o n s  i s  g i v e n  
in  Ref.  19. 

P r e s s u r e  d i s t r i b u t i o n s  on the  20 -deg  c o n e - c y l i n d e r  m o d e l  a r e  shown 
in  Fig .  19. fo r  the  mod i f i ed  and s t a n d a r d  wa l l  in c o m p a r i s o n  wi th  a 

0.3 

0.4 

0.5 

O.5 

0.5 

P/Pt 0.5 

0.5 

0.6 

0.7, 

0.8 

0.9 
0 

[ ~ I I I I 

~, o Modified Wall 
L~ Standard Wall 

- ' ~ L  ~ Interference Free 
( 3 G .  

-.q~%~\\\~,\\\\\\\\\\\\\\\\\\\\\~\\\\\\\\~ 
2 4 6 8 10 12 

X~ 

Figure 19. Comparison of pressure distributions on the 20-deg 
cone-cylinder in Tunnel 1T. 
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Figure 19. Concluded. 

t h e o r e t i c a l  f r e e - a i r  s o l u t i o n  g i v e n  by the  D o u g l a s - N e u m a n n  c o m p u t e r  
p r o g r a m  (Ref .  20). D e v i a t i o n s  in  p r e s s u r e  d i s t r i b u t i o n  f r o m  
i n t e r f e r e n c e - f r e e  t r e n d s  at M a c h  n u m b e r s  b e t w e e n  1 .0  and 1 .15  a r e  
a t t r i b u t a b l e  to  i m p i n g e m e n t  of t he  bow s h o c k  r e f l e c t e d  as an  e x p a n -  
s i o n  w a v e  f r o m  the  w a l l s .  B e t t e r  a g r e e m e n t  wi th  the  i n t e r f e r e n c e -  
f r e e  s o l u t i o n  o c c u r r e d  w h e n  t he  M a c h  n u m b e r  w a s  i n c r e a s e d  to  1 .2  
and  1 .3  as  the  p e r f o r a t i o n s  g i v e  b e t t e r  a t t e n u a t i o n  of t he  m o d e l -  
g e n e r a t e d  w a v e s  at t h e s e  M a c h  n u m b e r s .  As s e e n  in  F i g .  19, t h e r e  
was  no a p p r e c i a b l e  d i f f e r e n c e  b e t w e e n  the  s t a n d a r d  and the  m o d i f i e d  
w a l l s  in  t h e s e  t e s t s  o v e r  the  fu l l  M a c h  n u m b e r  r a n g e  c o n s i d e r e d .  
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Fina l ly ,  typ ica l  p r e s s u r e  coe f f i c i en t  data,  Cp, o v e r  both wing and 
ta i l  u p p e r  s u r f a c e s  of the l i f t ing  m o d e l  a r e  shown in Fig. 20 o v e r  the  
r a n g e  of Mach n u m b e r s  w h e r e  t r a n s o n i c  flow o c c u r s  on the m o d e l .  
E x c e p t  fo r  s l igh t  r e a r w a r d  shi f t  in shock  l o c a t i o n s  at Mach n u m b e r  
0 .95 ,  t h e r e  was  no a p p r e c i a b l e  d i f f e r e n c e  in t h e s e  da ta  with the 
m o d i f i e d  and s t a n d a r d  wall .  
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Figure 20, Comparison of pressure distributions on the wing-tail 
lifting model in Tunnel 1T. 
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8.0 CONCLUSIONS 

, i  

The p r i m a r y  c o n c l u s i o n s  f r o m  th i s  i n v e s t i g a t i o n  a r e  as fo l lows :  

. The  " s p l i t t e r  p la te"  m o d i f i c a t i o n  has  b e e n  d e m o n s t r a t e d  
to be an e f f ec t ive  m e a n s  of s u p p r e s s i n g  e d g e t o n e s  f r o m  
th is  type of p e r f o r a t e d  wall  with 10 db o r  m o r e  r e d u c t i o n  
in o v e r a l l  t e s t  s ec t ion  n o i s e  l e v e l  at w o r s t - c a s e  r e s o -  
nance  cond i t ions  in the f ixed  and v a r i a b l e  p o r o s i t y  wal l  
s a m p l e s  t e s t e d  in the 6-In.  Acous t i c  R e s e a r c h  Tunnel .  

. This  m o d i f i c a t i o n  has  been  app l ied  to e x i s t i n g  s i x - p e r c e n t  
p e r f o r a t e d  wa l l s  (~ 8 ,000 ho les )  with r e s o n a b l e  e c o n o m y  
in the  1 -F t  T r a n s o n i c  Model  Tunne l  at AEDC and y i e l d e d  
' the d e s i r e d  10-db no i se  r e d u c t i o n  at r e s o n a n c e  d e m o n -  
s t r a t i n g  " p r o o f - o f - p r i n c i p l e "  in  p r o p e r l y  s c a l e d  t e s t  
h a r d w a r e .  

. P r e s s u r e  da ta  a c q u i r e d  on a c e n t e r l i n e  s t a t i c  pipe,  a 
c o n e - c y l i n d e r  m o d e l ,  and a w i n g - t a i l  l i f t ing  m o d e l  in  
the  1 - F t  T r a n s o n i c  Model  Tunne l  all  i n d i c a t e  that  the  
c r o s s f l o w  c h a r a c t e r i s t i c s  of the  m o d i f i e d  l o w - n o i s e ,  
s i x - p e r c e n t  wa l l s  a r e  e s s e n t i a l l y  the s a m e  as the  
o r i g i n a l  wa l l s .  
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NOMENCLATURE 

Cp 

ACp 

C 

C® 

f 

fn 

h 

K A 

k 

L X 

Lz 

M® 

M~re s 

Mwall 

mA 

m h 

m v 

m X 

n 

P 

Pt 

P® 

P r e s s u r e  coeff icient ,  (p - p®)/q® 

Fluctuat ing p r e s s u r e  coeff icient ,  Eq. (1), pe rcen t  ' , 

Local  speed of sound, f t / s e c  

F r e e - s t r e a m  speed of sound, f t / s e c  

F requency ,  Hz 

Na tu ra l  r e v e r b e r a t i o n  f requency ,  Hz, Eq. (10) 

Axial  d i s tance  between leading and t r a i l ing  edges  of 
pe r fo ra t ions  or  cav i t ies ,  ft 

Acoust ic  wave number ,  1, 2, 3 ,4 ,  

P ropor t i on  of f r e e - s t r e a m  veloci ty  at which vo r t i ce s  
t r a v e l  over  cavity 

C r o s s - s e c t i o n a l  d imens ion  of t e s t  sect ion,  it  

Ef fec t ive  length of tes t  sec t ion  porous zone, ft 

F r e e - s t r e a m  Mach number  

Resonant  f r e e - s t r e a m  Mach number ,  Eq. (11) 

Local  Mach number  evalua ted  n e a r  the wall  

Number  of acous t ic  wavelengths  pass ing  over  cavity pe r  
cycle  

Total  number  of acous t ic  and vor t i c i ty  wavelengths  pe r  
cycle, m A + m v 

Number of vorticity wavelengths passing over cavity per 
cycle 

Number of acoustic wavelengths across the test section 
per cycle 

Edgetone s tage  1, 2, 3, or  4, Eqs .  (6) and (7) 

Mean loca l  s t a t i c  p r e s s u r e ,  psfa  

Stagnat ion p r e s s u r e ,  ps fa  

F r e e - s t r e a m  s ta t i c  p r e s s u r e ,  psfa  
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P r m s  

q ~  

R e / f t  

S 

t 

t" 

t r 

U 

U® 
n 

Uwall 
x/c 

~v 
6 

6 ~ 
i 

It A 

~'V 

O" 

J 

Fluctuat ing p r e s s u r e ,  r o o t - m e a n - s q u a r e  t i m e - a v e r a g e d ,  
f r e q u e n c y - i n t e g r a t e d ,  psf 

F r e e - s t r e a m  dynamic  p r e s s u r e ,  psf 

Unit Reynolds number  per  foot based  on f r e e - s t r e a m  
conditions 

St rouhal  number ,  nondimens ional ized  f r equency  

T ime ,  s ec  

Specif ied ins tant  of t ime ,  s ec  

An odd in teger ,  1, 3, 5, 7, . . . . .  

Local  veloci ty  in the boundary  l a y e r ,  f t / s e c  

F r e e - s t r e a m  m e a n  veloci ty ,  f t / s e c  

Ave rage  local  veloci ty  n e a r  the wall ,  f t / s e c  

Body-ax i s  posi t ion n o r m a l i z e d  to ove ra l l  length o r  to 
chord  length 

Incl inat ion angle of plane sound waves  r e l a t i ve  to f r e e -  
s t r e a m  flow axis ,  deg, Eq. (9) 

An e m p i r i c a l  constant ,  Eq.  (5) 

Scale length constant  fo r  vo r t ex  posi t ioning 

B o u n d a r y - l a y e r  th ickness  (to 99 pe rcen t  of f r e e - s t r e a m  
veloci ty) ,  in. 

B o u n d a r y - l a y e r  d i sp lacement  th ickness ,  in. 

Acous t ic  wavelength,  ft 

Axial  spacing of vo r t i ce s ,  ft 

S tandard  deviat ion 

Po ros i t y ,  the r a t i o  of open a r e a ] t o t a l  a r e a  of the wall  
s ample ,  pe rcen t  
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